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[57] ABSTRACT

A nonintrusive instrument for measuring the volume
flowrate of, and the speed of sound in, an arbitrary fluid
in a pipe, tube or duct. The sound speed measured is
that of a stationary fluid even though the measurement
is made while the fluid may be flowing. These measure-
ments are absolute in that they require no flow calibra-
tion, and they are independent of the composition of the
fluid and its temperature. For a flowing, approximately
perfect gas or gas mixture, given the average molecular
weight and ratio of specific heats, the instrument mea-
sures the temperature. Also, given an independent mea-
surement of the pressure, it measures the gas den51ty and
mass flowrate. The measurement can be made in a high
noise level environment even when the temperature
varies rapidly over a large range. The instrument uses
sound whose wavelength is much longer than the diam-
eter of the pipe, tube or duct. As a result, the tempera-
ture and flow measurements are independent of the
profiles of those quantities across the pipe profiles.

22 Claims, 7 Drawing Figures
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1
LONG WAVELENGTH ACOUSTIC FLOWMETER

BACKGROUND OF THE INVENTION

The present invention relates generally to flowmeters
for measuring volume flowrate in flowing fluids and to
instruments for measuring the mass flowrate, tempera-
ture and density of flowing fluids. It relates specifically
to methods of and instruments for using acoustical tech-
niques for accomplishing these measurements in a pipe.

The increased interest in reducing automotive emis-
sion of atmospheric pollutants has given rise to a need
for a flowmeter to measure the volume flowrate of
exhaust flow from the tailpipe. This flowmeter can be
used with pollution concentration detectors to obtain
the total pollutant mass flowrate from a tailpipe on
automotive production lines and in state and local test
stations to determine compliance with Environmental
Protection Agency (EPA) regulations. Additional ap-
plications for such a flowmeter include the measure-
ment of engine intake or exhaust flowrates and tempera-
tures for the development of fuel-efficient engines of
either the reciprocating or turbojet kind. Still further
applications include measuring the flow of natural gas
or steam in a pipe or the flow of human or animal
breath.

A requirement for an automotive exhaust flowmeter
is that it be nonintrusive to the extent that it introduce a
backpressure less than 500 pascals (Pa). (1 Pa=1 New-
ton/square meter, 1 standard atmosphere=101,325 Pa.)
Also, the exhaust temperature can vary rapidly over a
large range up to 260° Celsius, and the wide-band noise
level in the tailpipe may be as high as 145 db. It is desir-
able to be able to respond to changes in the flow rate
very quickly (within a few milliseconds).

Prior art nonintrusive ultrasonic flowmeters are de-
scribed in a paper by L. C. Lynnworth entitled “Ultra-
sonic Flowmeters” published in “Physical Acoustics”
(Academic Press, 1979, Vol. 14, pp. 407-525) which
contains a comprehensive list of references. The only
acoustic flowmeters that have a chance of working
properly in the presence of high levels of broadband
noise use substantially continuous waves and narrow-
band or high-Q transducers and/or subsequent elec-
tronic filters. Typical flowmeters of this kind are dis-
closed in U.S. Pat. No. 4,003,252 to Dewath; U.S. Pat.
No. 4,011,755 to Pederson, et al.; and U.S. Pat. No.
4,164,865 to Hall, et al. All of the prior art acoustic
flowmeters use waves whose wavelength is shorter than
the cutoff wavelength of the conduit which is defined
for a circular pipe as 1.706 times the pipe diameter, and
for other conduits as 27 times the square root of the
next to lowest eigenvalue for the Helmholtz equation in
that geometry.

For such short wavelengths, spatial acoustic modes
of higher order than the fundamental will propagate in
the pipe along with the fundamental mode. These
higher modes will be unavoidably generated by reflec-
tion of the sound by bends, elbows, and other obstruc-
tions that occur. in all pipe systems. If these modes are
permitted to propagate into the region where the flow
measurement is carried out, their superposition with the
fundamental mode will be detected there as a single
sound wave that is sinusoidal in time. The phase of this
wave will depend on the phases and amplitude of all of
the modes in the sum (the higher order modes as well as
the fundamental one). Unavoidable temperature varia-
tions in the flowing gas will cause these phases and
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amplitudes to vary in an extremely complicated way.
Thus, the detected phase difference cannot be related to
the flowrate without using a detailed knowledge of the
time dependence of the temperature distribution. This
dependence is not available; and, even if it were, the
relation would be impractically difficult. As a result, the
flowrate indication will drift unpredictably when the
temperature of the gas is not constant.

In an effort to prevent the higher spatial modes from
interfering with the flow measurement, prior art con-
tinuous-wave flowmeters use sound absorbing material
in the transducer assembly, e.g., those disclosed in
Dewath and Hall, et al., previously noted. Available
materials may be expected to reduce the reflected wave
amplitude by at most a factor of ten or so from.the
incident amplitude. The result will be an offset in the
flow indication that varies unpredictably even with the
small temperature changes that are typical in an instru-
ment in an air conditioned room. This will limit the
accuracy of the flow measurement even more in less
demanding applications. The situation is much worse
for the intended applications where the temperature
excursions are much larger and the effectiveness of the
sound absorber may be destroyed. Therefore, no prior
art instrument is capable of performing the required gas
flow measurements in a pipe.

Another desirable characteristic of a flowmeter is
that it gives a flow indication that is independent of flow
profile. U.S. Pat. No. 4,078,428 to Baker, et al., discloses
a flowmeter that is intended to.give a total mass flow
indication that is independent of whether the profile is
laminar or turbulent. However, the method used de-
pends on the flow being fully developed and the profile
having a particular mathematical form. Hence, this
prior art flowmeter is not accurate for nonaxisymmetric
flows that may occur, e.g., resulting from bends, el-
bows, or valves upstream.

Additionally, there is a need in the petroleum and
chemical process industries for measuring flowrates and
relative fractions in flowing liquid-liquid mixtures, lig-
uid-gas mixtures, particle-liquid mixtures or slurries,
and particle-gas mixtures. An example of a prior art
instrument intended for the first of these applications is
disclosed in U.S. Pat. No. 4,080,837 to Alexander, et al.
This prior art instrument is intended to measure water
content in an oil-water mixture and determine the flow-
rate. To reduce droplet size, it uses a mixer consisting of
a plurality of tortuous flow routes, which cause a sub-
stantial pressure drop. Without the mixer, the droplets
would be so large that the ultrasonic beam used in the
prlor art instrument would not be able to get across the
pipe and the instrument would not operate at all. This
difficulty exists with all short wavelength prior art
acoustic flowmeters used on any multlphase or multi-
component flow.

SUMMARY OF THE INVENTION

It is, therefore, an object of the present invention to
provide an instrument capable of accurately mesuring
the average flow velocity or volume flowrate of an
arbitrary fluid, e.g., a gas, a liquid or a multiphase or
multicomponent fluid, flowing in a conduit, the average
bemg taken over the interior of the conduit pipe.

It is a further object of the present invention to accu-
rately measure the average speed of sound in an arbi-
trary flowing fluid, the sound speed being that of the
same fluid as if it were stationary.
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It is a still further object of the present invention to
generate sound in an arbitrary fluid of a spemﬁed wave-
length even though the speed of sound in the ﬂu1d is
varymg rapidly in space and time.

It is a further object of the present invention to accu-
rately measure the total mass flowrate, average density,
and average temperature of a flowing, approximately
perfect gas or gas mixture, given the average specific
heat ratio, the pressure, ‘and the average molecular
weight.

It is an additional object of the present invention to
provide an absolute measurement of mass flowrate,
average density and average temperature of a ﬂowin'g
gas, i.e., without requiring calibration.

It is a further object of the present invention to pro-
vide an accurate measurement of all these quantities,
independent of the flow, sound speed, and temperature
distributions or profiles across the conduit.

It is still a further object of the present invention to
nonintrusively measure all of the above quantities, i.e.,
the instrument has no protuberances or cavities that
disturb the flow.

It is an additional object of the present mventlon to
accurately measure the above quantities in.a relatlvely
high noise environment.

It is a further object of the present mventlon to pro-
vide a bidirectional flow measurement, ie., giving a
.signed flow indication.

The above and other objects are achieved by using a
long wavelength acoustic technique where the wave-
length is longer than the cutoff wavelength of the con-
duit. A loudspeaker or other sound source is connected
to a conduit through which the fluid to be measured is
flowing. Displaced from the loudspeaker some distance
-away, two small broadband microphones or pressure
transducers are mounted in the wall of the same pipe,
tube or duct. These may be mounted with their dia-
phragms flush with the inner wall surface so that the
surface presented to the flowing fluid is smooth and
without protuberances or cavities. One microphone is
placed further from the loudspeaker than the other a
distance which, in the case of a circular conduit, may be
six pipe diameters or more. For a noncircular conduit,
comparable spacing is used. This spacing can be varied
by using a telescoping pipe, tube or duct. In any event,
the spacing chosen is an integral multiple of one-half the
wavelength of the sound to be generated.

In a preferred embodiment, the loudspeaker gener-
ates sound that is the superposition of sine waves at two
frequencies, one twice the other, such that the wave-
length of the higher frequency component equals the
distance between the microphones. The instrument
accomplishes this by measuring the sound amplitude-at
each microphone and for each frequency, computing
the ratio of amplitudes from the two microphones for
each frequency, and subtracting the ratio at one fre-
quency from the ratio at another to obtain an error
signal. The error will vanish when the shorter wave-
length equals the distance between the microphones.
The error is integrated, and the integral is used to set the
frequency of an oscillator that, along with a frequency
divider, generates the two frequencies used to drive the
loudspeaker. Once the frequencies are set correctly, the
instrument measures the difference in phase of the signal
detected by each microphone at each frequency. The
phase differences and the frequency are used to obtain
the above described quantities.
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4
BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the invention and
the attendant advantages thereof will be more clearly
understood by. reference: to -the following drawings
wherein:

FIG. 1 is a longitudinal sectional view of an open-
ended embodiment of the meter-tube assembly used in
the present invention;

FIG. 2 is a graph showing three possible error signals
versus frequency, :

FIG. 3 is an electrical block diagram of the synchro-
nous phase marker and amplitude detector (SPMAD);

FIG. 4 is a block diagram of the electronic circuit
used in an analog embodiment of the present invention;

FIG. 5 is a graph of the mass flowrate indication of
the analog embodiment of the present invention versus
the actual mass flowrate;

FIG. 6 is a functional block diagram of a digital em-
bodiment of the acoustic flowmeter in accordance with
the present invention; and -

FIG. 7:is a detailed block diagram of the parallel
processor used in a digital embodiment of the present
invention. '

DETAILED DESCRIPTION

In order to overcome the problems noted with regard
to the prior art’s using of short wavelengths; it has been
found that a wavelength much longer than the cutoff
wavelength of the conduit is helpful. For such wave-
lengths, only one mode will propagate, the fundamental
or plane-wave mode. In an instrument that uses only
these longer wavelengths, there is no possibility of

‘higher modes causing errors. The instrument will indi-

cate the total flowrate and the gas temperature aver-
aged over the interior of the meter tube. The accuracy
of the measurements will be independent of the flow
and temperature profiles in the pipe and hence indepen-
dent of upstream piping configurations.

The present invention shows a substantial advantage
when there are droplets or particles in the fluid. Since
the wavelength is very large compared with the size of
the droplets or particles, scattering does not prevent the
sound from getting through, and the instrument will
operate without using a mixer, which would cause a
large pressure drop. As with single-phase flow, the
present invention will measure the average .volume
flowrate of the composite fluid and the average speed of
sound in it. These measurements can be interpreted
semiempirically, based on prior calibration with the
particular ‘mixture of interest, in order to obtain the
desired quantities, such as mass flowrate and relative
fraction, without introducing a pressure drop.

Referring now to the drawings wherein like refer-
ence characters designate like parts throughout the
several views, FIG. 1 shows the meter tube 10 of a
preferred embodiment having first and second receiv-
ing means comprising-microphones 1 and 2 mounted in
the wall, preferably with their diaphragms. flush with
the inner surface of the wall. To insulate the micro-
phones from vibrations passing along the tube itself, the
microphones may be mounted in an elastic material 16.
The tube may be made of 3 mm thick brass with an
inner diameter of 5 cm, and the microphones are spaced
30.5 cm apart. The terms tube, pipe, duct and conduit
are used: herein to indicate any means for conveying a
fluid flow regardless of cross-section. A means for. pro-
ducing acoustic waves.comprises a loudspeaker 18 di-
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rectly coupled to a branch 19 of the tube 20 at a location
50 cm upstream of the upstream microphone. In order
to prevent the brass wall of the tube 20 itself from trans-
mitting sound directly. to the microphones, a rubber
vibration isolation coupling 22 may be used to connect
the meter tube 10 to the tube 20 on which the loud-
speaker is mounted.

The loudspeaker generates sound consisting of a su-
perposition of two sinusoidal waves at frequencies f and
2f. The frequency is chosen so that 2f is substantially
less than the cutoff frequency of sound in the meter
tube. When the waves reach the microphones, the cut-
off spatial modes will have decayed nearly to zero and
only the fundamental waves in the form of plane waves
will be present. In the embodiment of FIG. 1, the down-
stream traveliig waves are reflected from the open end
of the meter tube 10 with a small decrease in amplitude.
The downstream microphone may be spaced 9 cm from
the open end of the meter tube 10 so that the sound
amplitude at each frequency is satisfactorily large at
each microphone, at least when the wavelengths are
nearly correct.

In another similar embodiment to be used in a closed
piping system, the downstream traveling waves will be
reflected by the bends and elbows that always occur in
closed piping systems. In this embodiment, the locations
of the microphones are chosen so that the sound will
have a satisfactorily large amplitude at the micro-
phones. This can always be done since, if the sound
waves are not large enough at one pair of locations,
they will be large enough if the locations are translated
upstream or downstream some distance less than one-
quarter wavelength. For either embodiment, the region
between the microphones will contain plane waves
traveling in both directions such that the microphones
are not near nodes for either frequency.

The flowing fluid affects the sound velocity so that

" the average propagation velocity c of the sound is de-
creased in the upstream direction and increased in the
downstream direction in the amount of the average
velocity v of the fluid. The averaging occurs because
the sound wavelength is long compared with the diame-
ter of the tube. We are not able at present to described
the precise character of the averaging except for a sin-
gle-phase fluid. Still, it is certainly quite apparent that
the long wavelength technique can measure averages
taken over the entire meter tube between the two mi-
crophones.

To simplify exposition, we describe only the effects
associated with the components at a single angular fre-
quency o, which later in our discussion can be chosen
to equal either 2@f or 4arf. Thus, for the present, the
acoustic pressure field can be considered to comprise
two terms, one for the upstream traveling wave and one
for the downstream wave. The propagation velocities in
these terms equal the average sound speed c decreased
or increased, respectively, by the average fluid velocity
v. The voltage from a wideband microphone is propor-
tional to the acoustic pressure, and hence is given by:

m

+¢d)

wX
c—V

V=A,,cos(wt— +4>,,) +Adcos(a)t+

X
c+v
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where A, and Ay are the voltage amplitudes due to the
upstream and downstream traveling waves, ¢y and ¢g
are the corresponding phases, and x is the position of the
microphone, with x increasing in the upstream direc-
tion. ‘

Consider the open-ended embodiment of FIG. 1. Let
the end of the pipe be at x=0. Now the effective end of
the pipe is located a small distance 1 (the end correction)
outside the end of the pipe. Thus, the downstream trav-
eling wave is reflected at x=—1. After reflection, it
becomes:

()
wl
c—v

Aucos(wt+ +¢u) . —RAdcos(mt—

wl
c+v

+¢d)

where R is the magnitude of the reflection coefficient,
which satisfies 0 <R < 1. Both R and the end correction
kl=wl/c are determinable in the literature for both
flanged and unflanged circular pipes. The absolute
phase, which has no physical significance, can be speci-
fied by choosing the time origin so that ¢,+Ppg=0. If
we let Ag=A>0, the last equation gives A,=—RA
and:

(€]

wcl

¢d=—¢u=—:2'__v2‘

The same formulas can be used for the embodiment
intended for a closed piping system. Here R and 1 effec-
tively parameterize the amplitude and phase at the
meter tube of the plane wave that results from sound
reflection by bends and elbows downstream of the
meter tube.

With these results, trigonometric identities can be
used to reduce the expression for the microphone signal
to:

V=A(x) cos [ot+¢(x)] [C)]

where the amplitude is:

(%)

A(x):A\jl —2Rcos(2wcﬁ— + R

2—-v
and the phase is

®
$(x) = tan~! [ﬁ 1

x4 1 WYX
tan(wc 22 )] ————-——cz_vz

Thus, the signal from a microphone is sinusoidal with an
amplitude and phase that depends among other things
on the average wavelength 277c/w and on the average
velocity v.

For the above, we have not considered the frequency
dependence of the coefficient Ay Resonances in the
piping system and the loudspeaker will cause Ag to
depend strongly on frequency. However, the ratio of
amplitudes at the two microphones will be independent
of actual amplitude and will have a smooth frequency
dependence. If one microphone is at x=D and the other
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at x=D+L, then the ratio of the amplitude of the
downstream microphone to that of the upsteam one is:

M

1-—2Rcos(2wa%t:2—-) + R?
—AD) = _

AD + L

©+D l—Mcos(ch%—L—;—’) + R?

A portion of the instrument, which is a means for
insuring that spacing L is an intergral multiple of one-
half the specified wavelength, computes this ratio or its
square and uses it to adjust the operating frequency F.
When the frequency is set to the correct operating
point, the average flow velocity and average flowrate
are proportional to the phase difference.

The operating frequency may be set by requiring the
ratio be equal to 1, which occurs when the frequency
satisfies:

2 - ®

2Lc

2

f=

with either w=27f or w=4=f. This makes the argu-
ment of the cosine in the denominator larger than the
argument in the numerator by 27 or 4, respectively, so
that the ratio is 1 in both cases. A better method used in
a preferred embodiment involves sound of the two
frequencies, f and 2f, superposed, i.e., generated to-
gether by the loudspeaker. Here, the fundamental fre-
quency f is obtained by dividing the frequency 2f digi-
tally by 2. The instrument adjusts these frequencies to
.make the amplitude ratios at the two frequencies merely
equal to each other rather than both equal to 1. This
eliminates any error in setting the operating frequency
due to changes in the sensitivity of either microphone or
either microphone amplifier.

If the first subscript 1 or 2 denotes the downstream
microphone 1 or upstream microphone 2, respectively
in FIG. 1, and the second subscript 1 or 2 denotes the
frequencies 1f or 2f, respectively, the error signal used
in the analog emboidment to be described is the differ-

ence of ratios:
_A2  An ©
T Axn A2

This can be computed from equation (7) by using
o=27f for the first ratio and w=4wf for the second. In
the digital embodiment to be described, the error signal
is the difference in the squares of the ratios (in equation
(7)) for the two frequencies. This difference equals the
sum of the ratios (in equation (7)) for the two frequen-
cies, multiplied by the difference (in equation (9)). Since
the sum of ratios is approximately equal to 2, the two
error signals are nearly proportional to each other. In
either embodiment, if one microphone or amplifier sen-

sitivity changes, then both numerators or both denomi-.

nators will change by the same factor, and the error
signal will still be zero at the correct operating fre-
quency.

The error signal of equation (9) is graphed in FIG. 2
(solid line) as a function of the fundamental frequency f'
generated by the loudspeaker. Also shown in FIG. 2 are
graphs of the ratio in equation (7) minus one for fre-
quency f' (dashed line) and frequency. 2f' (dotted line),
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8

both as a function of the fundamental frequency f'. The
correct operating frequency is the frequency labeled f at
which all three curves cross zero. Other frequencies at
which all three cross zero are labeled fi, f; and f3. By
using equation (8) to eliminate c2—v2 from equation (7),
one can show that these frequencies are given by:

fHAh

10
A2 0

L
2D+ L+ 2

These equations should be used with some caution,
since the end correction 1 depends on f', i.e., on fi, f
and f3, in the three equations, respectlvely Thus, the
three frequencies are not exactly in the ratio ‘1, 2, 3,
although they are very nearly so, since 21 is small com-
pared with 2D+L. Still, other frequencies at which
equation (9 ) crosses zero are labeled fy, fyand and fz.
These zero crossings occur because the two ratios in
equation (9) are equal to.each other, even though they
are not equal to 1. Elimination of c2—v2 in equation (7)
by use of equation (8) shows that fy=Xf, f,=Yf and
f;=Zf, where the coefficients X, Y and Z are transcen-
dental functions of R and (D+1)/L evaluated at the
frequency involved.

The error signal € crosses zero once in the interval
fz<f' <f2. Thus, provided f' starts in this range, integral
feedback can easily be used to set f'=f. In the analog
embodiment of FIG. 4, the time integral of the error € is
fed to the voltage input of a voltage-controlled oscilla-
tor. In the digital embodiment of FIG. 7, the error € is
added by software to the BCD frequency input of a
digitally controlled oscillator. For both embodiments,
the result is that, if f;<f' <f, then f wil increase until it
equals, f; and, if f<f <fj, then f' will decrease until it
equals f.

For the embodiment of FIG. 1 in which the distance
L between microphones is. fixed at 30.5 cm, the zero-
velocity operating requency f given by equation (8) for
dry air will be 544 Hz at O° C., 563 Hz at 20° C. and 660
Hz at 130° C.

Thus, when the flowmeter is operatlng correctly, the
tone can be heard to increase steadily as the tempera-
ture of the flowing gas is raised. For the 563 Hz operat-
ing frequency that is correct for 20° C., the lower fre-
quency fzis 462 Hz, and the upper frequency f; given by
equation (10) is 666 Hz, since 1=1.55 cm at that fre-
quency.

Since the operating frequency f changes with temper-
ature, the range within which f’ should be constrained
for integral feedback to work must be somewhat smaller
than the interval from 462 to 667 Hz. This is necessary
because, when f changes with changing temperature, so
also do f; and f;. The frequency limits must be fixed
narrowly enough for the feedback to work for both
extremes of the possible values of f. Since {/f;=1.219
and fp/f=1.185, the ratio of upper and lower frequency
limits should not exceed 1.185, which is the smaller of
the two ratios. For example, integral feedback will
work with the frequency f' restricted to the interval
from 558 Hz to 661 Hz, which corresponds to the tem-
perature range from 15° C. to 130° C. Of course, other
frequency ranges with the ratio 1.185 are possible with
integral feedback. They can be made switch-selectable,
and the user can choose the appropriate one based on
prior. experience or on an independent temperature
measurement. The choice can also be made by a mi-
crocomputer that is suitably programmed to do this or,
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alternatively, to examine A11/A21—1 as well as € to find
the correct operating point. :

The range of frequencies f' over which the instrument
will atuomatically seek the correct operating frequency
f can easily be extended by the following technique. If
the frequency f' is just less than f;, the previously de-
scribed integral feedback will cause f to decrease
quickly toward fj, and similarly, if f is just greater than
fy, it will quickly increase toward f3. When ' reaches
the new, more widely spaced frequency bounds on its
way to f}, or f3, the instrument, in a preferred embodi-
ment, will cause it to jump into a smaller range from
which the integral feedback will bring it quickly to the
correct operating frequency f.

Further explanation of this feedback technique re-
quires considering numerical values for the frequencies
involved.  Since f/f, =563/364=1.547 and
f3/f=1015/563=1.803, the new ratio of upper and
lower frequencies should be 1.547 (1.547 being the
smaller ratio). With this ratio, the frequency range
could be enlarged, e.g., to the interval from 551 to 849
Hz, corresponding to the temperature range from 7° to
392° C. For this temperature range, the frequency f'
should be constrained to the interval from 550 to 850 Hz
and caused to hop to 698 Hz when it reaches 550 Hz and
hop to 651 Hz when it reaches 850 Hz.

The choice of these numbers can be understood by
examining the action of feedback at the temperature
limits. For the upper temperature limit of 392° C. for
which f=2849 Hz, integral feedback causes ' to increase
to 849 Hz whenever f is. initially greater than
(f2/f) X 849 Hz=849X462/563 Hz=697 Hz. When f' is
less than 697 Hz, it quickly decreases to 550 Hz, at
which point the instrument causes it to hop to 698 Hz,
and integral feedback takes it from there to 849 Hz. For
the lower temperature limit of 7° C, for which f=551
Hz, integral feedback causes f' to decrease to 551 Hz
whenever ~ f is initially less than (f2/)X550
Hz=1.185=550 Hz=652 Hz. When f is greater than
652 Hz, it quickly increases to 850 Hz, at which point
the instrument causes it to hop to 651 Hz, and integral
feedback takes it from there to 551 Hz. In practice, the
useful temperature range will be slightly smaller than
7°to 392° C. in order to prevent the frequency f' from
hopping when noise causes it to fluctuate slightly from
the operating point f. Of course, the instrument could be
designed to operate over other temperature ranges by
modifying the above numbers appropriately.

When the frequency w/2# is a multiple of equation
(8), the integral multiples of the wavelength will be
equal to twice the microphone spacing. This condition
is maintained regardless of flow velocity, temperature,
speed of sound, etc. The ability to generate a specified
wavelength sound regardless of physical changes in the
surrounding is extremely useful.

Additionally, when the frequency /2 is a multiple
of equation (8), the phase difference between the two
microphone signals becomes:

wvL any
2_¢

A$ = $(D) = $D + L) =

This is independent of the parameters R and D+1. The
ratio of equation (7) is also independent of these parame-
ters when w/27 is a multiple of the frequency of equa-
tion (8), since then the ratio equals 1. This means that
sound-reflecting objects outside the end of the tube
within a few centimeters of its end will not change the
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10
phase differences and amplitude ratios at the operating
frequency. This has been used to verify experimentally
that the instrument is operating at the correct fre-
quency. When it is, the performance of the instrument is
not affected by the presence of objects near the open
end of the tube.

Equation (11) is the basis for the flow measurement.
This equation can be simplified using equation (8) so
that, with At=Ad¢,/» the average Mach number
M=v/c is given by:

M=2f At . 12

which simplifies to Ad/7 for w=2=f and simplifies to
Ad/2m for @=290 2f. Thus, as long as equation (8 ) is
satisfied, the average Mach number is just the phase
difference in units or 7 for frequency f and in units of 27
for frequency 2f. Also, the condition of equation (8 )
gives an expression for the average speed of sound:

2L (13)
1 — 42A82

Equation (12) can be combined with equation (13) to
obtain n expession for the average velocity v as follows:

y = 42 LA (14)
1 — 42A72 _

When this is multiplied by the cross-sectional area a,
it becomes the average volume flowrate Q=av. Thus,
the speed of sound, the average velocity, and the aver-
age volume flowrate are given in terms of just the oper-
ating frequency f, the time difference At or equivalently
the phase difference A, the distance L between the
microphones and the cross-sectional area a, which can

"be easily measured very accurately. These results are

valid for an arbitrary fluid, i.e., a gas, a liquid, or a
multiphase or multicomponent fluid.

If the fluid is restricted to be an approximately perfect
gas or gas mixture, the gas density p satisfies:

2 1s)
p= yp/,_.z = 7p[1_—_9&2_]

2L

where 1y is the average ratio of specific heats of the gas,
and P is the absolute pressure inside the meter tube.
Also, the temperature T of the gas is given by:

romd _ m [ 2L - 49
TYK T YK | 1 —4fAR

where m is the average mass of a gas molecule and K is
Boltzmann’s constant. The mass flowrate G=pQ can be
obtained by multiplying equation (15) by equation (14)
times a to get: ‘ '

G= -ypAl_—%M At )

All of the quantities on the right side of these equations
can either be easily measured or looked up in readily
available handbooks.

a
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The mass flowrate sensitivity may be calculated for
air flow in a 5 cm diameter pipe by inserting y=1:378;
L =30.5 cm, and P=101,325 Pa into equation (17) to get
At=1.07 ps for 1 g/s flowrate. We arbitrarily choose to
specify as the full scale flowrate that flowrate for which
the average Mach number is 1/10. We do this because
equation (14) is linear within 1% up to Mach 1/10. Also,
up to that value, the velocity v used in the above equa-
tions will, within 1%, equal the average of the gas ve-
locity over the cross section of the conduit. This is
proved in the 1977 Journal of the Acoustical Society of
America paper by Robertson entitled “Effect of Arbi-
trary Temperature and Flow Profiles on the Speed of
Sound in a Pipe”, Vol. 62, pp. 813-818 (1977). Still, the
instrument will operate on flows with a Mach number
nearly as large as 1 and give measured values as de-
scribed by the above equations. With the above defini-
tion, equations (12) and (8) give At=88.2 us or or 82.4
g/s full scale at 20° C.

One percent resolution over a 10 to 1 mass flowrate
range requires an 88 ns resolution in At. This requires
that the two receiving means or microphones have a
relative time delay (or phase shift) that is smaller than 88
ns. As seen in equation (19) in the 1977 Review of Scien-
tific Instruments paper by Robertson and Potzick enti-
tled “Synchronous Marker for Measuring Phase in the
Presence of Noise”, Vol. 48, pp. 1290-1294 (1977), this
is aided by using microphones having a bandwidth at
‘least 1/(288 ns)=200 kHz. This requirement can be
relaxed somewhat if the phase shifts of the two micro-
phones are very nearly equal.

Two types of sensors have been used for receiving
means: a high quality 3 inch condenser microphone and
a wide band quartz pressure transducer. Both have a
‘band width of about 200 kHz. Even though the con-
denser microphone has approximately 100 times more
sensitivity than the quartz transducer, they seem to
work approximately equally well. The quartz trans-
ducer used is Model 112A23 manufactured by PCB
Piezotronics, P.O. Box 33, Buffalo, N.Y. 14225. It has a
noise level of 100 pV and a sensitivity of 50 mV/psi
with a 2 ps rise time. THe actual noise level for the
particular transducers used is insignificant compared to
the acoustic noise of a flowing gas, and so less expensive
transducers with a higher noise level could be used.

The microphones are optionally. mounted such that
they minimally disturb the smoothness of the inside of
the meter conduit in order to least affect the flow. In
some embodiments, a rubber sleeve has been fitted over
the microphone and the sleeved microphone simply
plugged into a slightly tapered hole in the meter conduit
much like a cork into a bottle. System adjustments are
usually not necessary after removing and replacing a
microphone mounted in this way. However, care must
be taken to ensure that the mounting is air tight in order
to prevent leakage and erroneous measurements.
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Experiment has shown that high-pass filters at the .

microphone outputs with a cutoff frequency of about
100 Hz or 20% of f help reduce fluctuations in the mass
flow indication due to low frequency noise, which is
especially large at high gas temperatures. These filters
may be just single pole filters, but they must be carefully
matched in phase shift in order to avoid introducing a
frequency-dependent error in the measurement of t as
described by equation (19) of the above-mentioned 1977
Review of Scientific Instruments paper. This is important
because, in view of the relation between the gas temper-
ature and the correct operating frequency (as shown in
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equation (16)), such as error would lead to a tempera-
ture dependent offset in the flow indication.

In order for the instrument to be able to. operate on a
very noisy flow, the signals from the microphones must
be: filtered by extremely high-Q filters. These filters
must not introduce a relative time delay as large as 88 ns
even though the signal frequency changes over a broad
range. Since the signal used to generate the sound wave
can be used also as a reference, this filtering is best
accomplished using a’synchronous technique. A syn-
chronous phase marker and amplitude detector
(SPMAD) circuit as shown in FIG. 3 that meets these
requirements is described in the 1981 Review of Scientific
Instruments paper by Potzick and Robertson-entitled
“Voltage-Controlled Phase Shifter for Measuring
Transfer Function in the Presence of Noise”, Vol. 52,
pp. 280-286 (1981). This circuit offers in effect an ex-
tremely high Q and in principle causes no phase shift. It
provides a clean square wave output that accurately
marks the phase of a sinusoidal signal that may be buried
in noise by a large factor. The performance of a portion
of this circuit is described in the 1977 Review of Scientific
Instruments paper noted earlier. The same circuit also:
provides a voltage output that is proportional to the
amplitude of the sine wave. Four of these circuits are
used in the analog embodiment of the electronics for the
present invention, on. SPMAD for each microphone
and each frequency.

In the FIG. 3 block diagram, the analog phase output
voltage vy is fed back to the voltage-controlled phase
shifter 30 causing it to shift the phase of the square wave
w(wt—¢—m/2) until it is in quadrature with the signal
that is obscured by the noise. The phase control voltage
v¢ is obtained by integrating the product of the signal
(plus noise), after amplification in wideband amplifier
28, and the shifted square wave pu(wt—d¢—a/2). This
product appears at the output of the upper chopper 32
(sometimes referred to as a synchronous converter).
That output averages to zero when the shifted square
wave is in quadrature with the signal so that V¢ remains
constant. This phase shifter 30 also has a second square
wave output u(wt—¢), which is in quadrature with the
first output. The desired time delay can be obtained by
time-interval averaging measurements to the leading
edges of the second square wave p(wt—¢). The ampli-
tude output is obtained by multiplying the signal (plus
noise) by the second shifted square wave p(wt—d¢) in
the lower chopper 34 and passing the result through a
low pass amplifier 36.

Increasing the time constant of the integrator 38 (or
decreasing the gain in the rest of the loop) decreases the
time jitter in the phase marker output ¢ while it slows
the response time of that output as described in the 1977
Review of Scientific Instruments article. Narrowing the
bandwidth of the low pass amplitude amplifier de-
creases the noise at the amplitude output while also
slowing its response time. Thus, the noise on the ampli-
tude A and phase ¢ outputs can be decreased as much as
desired, at the expense of increased response time, so
that the transfer function of a two-port system can be
accurately measured even in the presence of noise much
larger than the signal.

In order to avoid phase shift errors, it is often best to
use two of the synchronous phase marker and amplitude
detector circuits, one to determine the amplitude and
phase of the signal applied to the input port, and one for
the signal observed at the output port. This is desirable
in the long wavelength acoustic flowmeter where, be-
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cause of temperature nonuniformity, there is an uncon-
trollable amplitude and phase change between the loud-
speaker and the system being measured. To avoid this
problem, two microphones and two marker/detector
circuits are used, one measuring the input to the two-
port system and one measuring the response at the out-
put. The transfer function is then given by the ratio of
amplitudes obtained from the two amplitude outputs
and by the phase difference measured by time-interval
averaging between the leading edges of the two phase
marker outputs.

The block diagram of this analog embodiment of the
acoustic flowmeter is shown in FIG. 4. The outputs of
microphones 1 and 2 are amplified and applied to the
signal inputs of the SPMAD’s 44 and 46, and 40 and 42,
respectively. The amplitude outputs from SPMAD’s 46
and 40, representing the amplitude at frequency 2f from
microphones 1 and 2, are connected to the inputs of the
2f amplitude divider 50. The output of this divider is the
ratio Aj2/A.

Similarly, the amplitude outputs from SPMAD’s 44
and 42 are connected to the amplitude divider 52 for
frequency f. The output of this divider is the ratio Aj;.
/Aj1. The difference between these ratios is integrated
by the integrator 54 and fed to the voltage-controlled
oscillator (VCO) 56 to keep the frequency at the correct
operating point given by equation (8). The 2f square
wave output of the VCO 56 is connected to a frequency
divider 58, with an 8f ramp output to the reference
inputs of the SPMAD’s 40 and 46. The 2f square wave
may also be connected to a frequency or period counter
60, whose indication may be used for obtaining the
average temperature from equation (16). The 4f ramp
output of the VCO 56 is connected to the reference
inputs of the SPMAD’s 42 and 44. The 2f square wave
output of the VCO 56 and the f square wave output of
the frequency divider 58 are also connected to the sine
shapers 62 and 64. Each sine shaper removes the DC
level from the input TTL square wave, integrates the
result to get a symmetric triangle wave, integrates the
latter to get a symmetric parabolic wave, and band-pass
filters the parabolic wave to get a sine wave. Since the
amplitude of this sine wave would otherwise depend
strongly on frequency, the sine shapers have a feedback
controlled gain that maintains constant output ampli-
tude. The sine shaper outputs are combined in the adder
66 and supplied as one input to the multiplier 68 that is
used for control of the sound amplitude.

The amplitude outputs of the SPMAD’s 40 through
46 are also connected to an amplitude summer 70,
which computes an average amplitude to be compared
with the amplitude reference 72. This comparison is
done in the differential integrator 74, whose output is
connected to one input of the multiplier 68 used for
amplitude control. The output of this amplitude multi-
plier 68 is connected to the power amplifier 76, which
drives the loudspeaker 18. Thus, the sine shapers 62 and
64 and the adder 66 supply the signal that is a superposi-
tion of sine waves at frequencies f and 2f. The ampli-
tudes of these sinusoids are controlled so that the ampli-
tude dividers operate at typically 80% of full scale. The
phase marker outputs ¢ from the SPMAD’s 42 and 44
are compared in the time-interval averaging counter 78,
which gives At for use in equation (17) to obtain the
mass flow rate.

The means for insuring that the spacing L is an inte-
gral multiple of a half wavelength of f in FIG. 4 is the
amplitude outputs of SPMAD’s 40, 42, 44 and 46, ampli-
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tude dividers 50 and 52, integrator 54, VCO 56, divider
58 and sine shapers 62 and 64. In FIG. 4, the means for
measuring the phase difference comprises the
SPMAD’s 42 and 44 and the timer 78 and the means for
indicating at least one parameter (in a preferred embodi-
ment, mass flow rate) is display 79.

The meter-tube embodiment of FIG. 1 with the ana-
log-electronics embodiment of FIG. 4 was tested on the
National Bureau of Standards (NBS) air flow calibra-
tion facilities. The results are shown in FIG. 5. Here, the
actual mass flowrate G actual was measured using NBS
transfer-standard sonic nozzles. The indicated mass
flowrate G indicated was calculated from equation (17)
using measured and handbook values for the quantities
on the right. The straight line is the result of a least

squares fit to the data below full scale at Mach 1/10.

The slope of this line is within 0.1 percent of the ex-
pected value of 1, but there was an offset of 0.681 g/s,
which is about 8% of full scale and 0.8% of Mach 1.
The two data points above Mach 0.1 fell below the line,
most likely because of a temperature dependence to the
offset. The temperature of the air flow decreased from
room temperature at the lower flowrates to 0° C. at the
highest flowrate.

The temperature dependent offset in the flow indica-
tion has been observed directly in a number of tests, in
which the flowing air was heated up to 130° C. while
the actual mass flowrate was held constant. The offset
was less than 10% of full scale and depended on temper-
ature history. Some of this offset was shown to be asso-
ciated with the microphones themselves by interchang-
ing them with each other and with spares. Part of the
flow indication offset that is associated with the micro-
phones may be due to a strong temperature dependence
of the resistance of the quartz transducer itself, and part
may be due to the follower amplifier attached to the
transducer. At room temperature, the quartz transducer
with its attached MOSFET amplifier, insulating pot-
ting, and teflon insulation have a resistance of about
50,000 megohms and a capacitance of about 20 pf. This
gives a 1 second time constant and, according to equa-
tion (19) of the 1977 Review of Scientific Instruments
paper, a time shift of 80 ns at 563 Hz. At 100° C,, the
resistance of the quartz will be about a factor of 5 lower,
so the time constant will be 1/5 second or shorter. The
resulting time shift will increase to approximately 400 ns
or more at the operating frequency. Since this time shift
leads to an offset in the flow indication, this explained
some of the observed temperature dependent offset.

The time shift cannot be eliminated by using a filter to
narrow the bandwidth, e.g., by using the previously
mentioned high-pass filter with a 100 Hz corner. This
follows since the phase shifts due to cascaded filters are
additive even if their corner frequencies are widely
separated. One possibility of correcting this time shift is
to use an amplifier with 200 pf capacitance to decrease
the phase shift. The amplifier can also be separated from
the transducer so that the amplifier will remain at room
temperature.

Another possible cause for flow indication offset,
although not assoctated with the temperature of the
flowing gas, is some drifting in the analog circuitry.
This decreases the repeatability of the flow indication,
especially when the instrument is first turned on. A
digital embodiment of the electronics has been designed
in an effort to reduce this drifting. This embodiment, as
shown in the FIG. 6 block diagram, comprises a parallel
processor 100 and a microcomputer 102 programmed in

v
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ROM and connected to a computing controller and
display 101 for computation and display. The parallel
processor 100 is a specially designed high-speed proces-
sor that is desirable because part of the processing must
be done at a much greater speed than is presently possi-
ble with a microcomputer alone. The microcomputer
102 is used in order to simplify development of the
remainder of the processing, which does not need.par-
ticularly high speed, and to retain flexibility for making
minor design changes. -

The parallel processor simultaneously computes
eight Fourier coefficients of the sound signal, one sine
and one cosine coefficient for each microphone and
each frequency. If we revert for the moment to the
single frequency description used previously, the signal
from the microphone at location x is given as before by
equation (4). The Fourier coefficients then are given by:

1 27 (18)
C(x) = - f V cos (w?) d(wf) = A(x) cosd(x)
0

1 2 19
S(x) = - f V sin (of) d(wf) = A(x) sind(x)
0 .

The computation of these Fourier coefficients discrimi-
nates effectively against all of the harmonics of the
frequency w/27 as well as against broadband noise.
This has an important advantage in comparison with the
SPMAD’s, which discriminate only against the even
harmonics, although the SPMAD’s do discriminate
effectively against nonharmonic pure tones and broad-
band noise.

The values of the Fourier coefficients are fed to the
"microcomputer on interrupt every acoustic period,
which is in the range from 1.8 to. 1.4 ms depending on
the frequency (which is a function of the temperature).
The microcomputer uses the coefficients to compute
the squares of the amplitudes of the four sine waves, one
for each microphone and each frequency, and uses the
squares of the amplitudes to set the sound level at each
frequency. It computes the difference between the
squares of the ratio (equation (7)) for frequencies f and
2f. This is approximately twice the error signal in equa-
tion (9), as described previously. The microcomputer
uses this difference, summed over many sound periods,
to set the frequency to the operating point. When the
frequency is set correctly, the microcomputer computes
the tangent of the phase difference at each frequency.
Once again let subscripts denote the downstream and
upstream microphones and the frequencies f and 2f|
respectively. Trigonometric identities can be used to
express the phase difference in terms of the Fourier
coefficients as:

" C2iS1; ~ $2Cl
CoiCri + 5251 ’

(20)

tan (Ad) = i=12

The microcomputer uses this expression to compute the
tangent of the phase once every acoustic period.

In a preferred embodiment, the instrument contains
an arctangent lookup table in read-only “memory
(ROM) so that the microcomputer can average the
phase itself rather than the tangent. of the phase. This
adds considerable expense but offers increased accuracy
for flow velocities with large fluctuations and Mach
numbers larger than 1/10. Alternatively, the microcom-
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‘puter could compute the arctangent, but for presently

available hardware, this would take too much time, and
data would have to be ignored in order to average the
phase rather than its tangent. The reduced ability to
discriminate against noise while performing real-time
measurements makes this alternative less desirable. For
Mach numbers less than the full scale 1/10, the distinc-
tion between the phase and its tangent is less important,
especially for reasonably steady flows. Thus, in one
embodiment, the microcomputer averages the tangent
of the phase and transmits it to the computing controller
and display 101 for computation and display of the
resulting flowrates.

A block diagram of a preferred embodiment of the
paraliel processor is shown in FIG. 7. The parallel pro-
cessor 100 has a clock 125 whose frequency is con-
trolled by an input from the microcomputer to operate
at 256 times the operating frequency f. The clock pulses
are counted by the counter 126 to obtain an 8-bit up-
ramp or sawtooth wave. This sawtooth output is con-
nected to the 8-bit address inputs of the ROM’s 121
through 124, which contain one or two cycles of the
cosine. or sine functions, accurate to 8 bits. The 8-bit
data outputs of these ROM’s are 127 cos (272n/256),
127 sin (272n/256), 127 cos (2wn/256), and 127 sin
(27n/256), respectively, rounded to the nearest integer,
where n is an integer that is incremented by 1 at a rate
256 times f. These data outputs are connected to one
input of the multiplier/accumulators 111 through 114
and also 115 through 118, respectively. The sine 2f and
sin f outputs of ROM’s 122 and. 124, respectively, are
also connected to the 8-bit digital-to-analog converters
(DAC’s) 130 and 133, respectively. The approximately
sinusoidal voltage outputs at frequencies 2f and f of
these DAC’s are filtered to remove the 256 steps and
then connected to the inputs of the multiplying digital-
to-analog- converters (MDAC’s) 134 and 136, respec-
tively. These MDAC’s multiply the sinusoids by a volt-
age specified by the 10-bit input to the DMAC’s, and
the resulting output is a sinusoid whose amplitude is
proportional to that factor. This 10-bit digital input is
supplied by the microcomputer to maintain the sound
amplitude for each frequency at a preset level. The two
sinusoidal voltages are added in the summer 138 and
their sum is amplified in the amplifier 146 and the power
amplifier 76 and supplied to the loudspeaker 18 as in the
analog embodiment.

The resulting signals from the microphones 1 and 2
are amplified by the amplifiers 103 and 105. Both these
amplifiers and the amplifier 146 have their gains con-
trolled by the microcomputer over the range from 1 to
128 in powers of 2. The digital input to the amplifier 146
is wired inversely to the digital inputs to the amplifiers
103 and 105 so that, when the sound level is increased
by a factor of 2, the microphone gain will simulta-
neously be decreased by a factor of 2, and the signal
level at the output of the amplifiers 103 and 105 will
remain constant. Since increasing the sound level in-
creases the signal-to-noise ratio, this digital input is, in
effect, a signal-to-noise control.

The signals from the amplifiers 103 and 105 are con-
verted to 8-bit digital amplitudes at a rate equal to 256 f
in the analog-to-digital converters (ADC’s) 104 and
106, respectively: The 8-bit outputs of these ADC’s are
connected to one of the inputs of the multiplier/ac-
cumulators 111 through 114 and 115 through 118, re-
spectively. The multiplier/accumulators. used in the
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preferred embodiment are TRW 1009J 12-bit by 12-bit
multipliers with 27-bit accumulators and tristate outputs
and are available from TRW LSI Products Division of
TRW, Inc., P. O. Box 1125, Redondo Beach, CA 90278.
The accumulators are set to zero at the start of an acous-
tic period. The Fourier coefficients are available at the
outputs of the accumulators at the end of the acoustic
period. The 16 most significant bits of these outputs are
fed to the microcomputer on its 16-bit data bus, on
non-vectored interrupt, at the end of the period. De-
tailed wiring for the interrupt generation, the data regis-
ter addressing, and the triggering of the ADC’s, the
DAC’s, the multipliers, the registers, and the accumula-
tor and counter resetting has been omitted from FIG. 5
for clarity. These details are easily supplied by one of
ordinary skill in the art.

The microcomputer used must be able to carry out
16-bit multiplications and divisions sufficiently rapidly
that all the indicated computations can be completed in
the approximately 1.4 ms minimum period of the funda-
mental sound wave and have enough time left over to
handle data I/O and other overhead tasks. This is re-
quired so that no available data will be lost and the time
averages will include the largest possible number of
terms in the shortest time. This makes the instrument
better able to discriminate against high-level noise and
compute the average of measured quantities that may
have relatively large random fluctuations and yet be
able to output the measured values in almost real time.
The microcomputer used in a preferred embodiment is
the AmZ8000 Evaluation Board manufactured by Ad-
vanced Micro Computor Devices at 901 Thompson
Place, Sunnyvale, CA 94086. Since a RS232C cable is
used to connect this microcomputer to its console, any
dumb terminal or, alternatively, another computer, if
suitably programmed, can be used for control of the
flowmeter and display of its output. an

For either the analog or digital embodiment, the
response time of the instrument to a step change in
flowrate or temperature is ultimately limited by the
transit time of the step between the two receivers and
by the sampling rate, which is once per acoustic period.
For the dimensions used in the embodiment of FIG. 1,
both are about one millisecond. Another possible limita-
tion is the response time of the narrowbanding
SPMAD?’s in the analog embodiment or the averaging
in the digital embodiment that discriminates against
noise. Another limitation is the response time of the
feedback loop that adjusts the frequency to satisfy the
condition of equation (8) and of the loop that controls
the amplitude of the sound. For flows associated with a
high noise level, the response time of the whole instru-
ment will be made greater than the above minimum by
the narrow banding, the averaging, or the loops.

As has been noted earlier, the generator of sound at a
specified wavelength may be desirable in applications
other than the acoustic flowmeter discussed here. Fur-
thermore, the synchronous phase marker and amplitude
detector may be useful in applications other than the
acoustic flowmeter where it is desirable to measure the
phase and amplitude of a signal which is obscured by
high noise levels. The acoustic flowmeter does not
necessarily have to have a specific wavelength sound
generator and, instead, could adjust the receiver means
spacing in order to maintain their spacing equal to an
integral multiple of half wavelengths of whatever fre-
quency is generated. The analog embodiment feedback
to the VCO could just as easily be utilized to control the
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microphone spacing by moving two telescoping tubes
relative to each other, each tube having one micro-
phone therein. '

Although the invention has been described relative to
specific embodiments thereof, it is not so limited. Many
modifications and variations will be readily apparent to
those skilled in the art in the light of the foregoing
disclosure; and the invention may be practiced other-
wise than has been specifically described. Embodiments
of the invention in which an exclusive property or privi-
lege is claimed are defined as follows:

Appendix B
GLOSSARY OF TERMS

a = cross-sectional area of conduit

A = amplitude of acoustic signal

A, & Az = amplitude upstream and downstream, respectively

¢ = speed of sound in fluid

D = distance of first microphone from conduit end

= frequency

f = fundamental frequency

G = mass flowrate

K = Boltzmann's constant

1 = bend correction (distance from effective to actual
end of pipe)

L = microphone spacing

m = average mass of a gas molecule

M = average Mach number of flowing fluid

P = absolute pressure inside conduit

Pa = unit of pressure (Pascal)

Q = average volume flowrate

R = magnitude of reflection coefficient

T = temperature of gas

v = average velocity of flowing fluid

x = position in direction of propagation with respect
to conduit end

At = time difference

Ad = phase difference

€ = error signal

y = ratio of specific heats

¢ = phase of acoustic signal with respect to reference signal

¢q4 = downstream phase

¢y = upstream phase

p = gas density

» = angular frequency

What is claimed is: :
1. An acoustical flowmeter for measuring at least on
parameter of a moving fluid, said flowmeter compris-
ing:
means for producing substantially planar acoustic
waves at a distance having a wavelength A;
first means for receiving said acoustic waves, said
first means located apart from said producing
means at said distance at least in a direction parallel
to said direction of movement of said moving fluid,
second means, spaced apart from said first means at
least in a direction parallel to a direction of move-
ment of said moving fluid, for receiving said acous-
tic waves;
means for insuring that the spacing between said first
and second means in said direction parallel to said
direction of movement of said moving fluid, is a
spacing equal to mA/2, where m is any integer;
means for measuring phase difference between acous-
tic waves received at said first and second means;
and .
means, responsive to said phase difference measuring
means, for indicating said at least one parameter.
2. The coustical flowmeter according to claim 1,
wherein said . insuring means comprises. means for
changing the frequency of said acoustic waves from
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said producing means such that the spacing between
said first and second means is equal to mA/2.

3. The acoustical flowmeter according to claim 2,
wherein said producing means comprises:

conduit means through which said - movmg fluid
flows;

signal generator means, responsive to said insuring
means, for generating an electrical s1gnal of fre-
quency f; and

loudspeaker means, mounted on the side of said con-
duit and responsive to said signal generator means,
for injecting acoustic waves into said conduit, said
acoustic waves having a frequency equal to T
where A equals c/f, where ¢ equals the speed of
sound in said fluid.

4. The acoustical flowmeter according to claim 3,

wherein said insuring means comprises:

means, responsive to said first and second receiving
means, for comparing the amplitude of received
acoustic waves and for providing an output to said
frequency changing means when said amplitudes
are not equal.

5. The acoustic flowmeter according to claim 3,

wherein said frequency changing means comprises:
means for providing an output indicative of the ratio
of amplitudes of signals received at said first and
second receiving means;

means, responsive to said ratio indicative output, for
comparing said ratio-indicative output with a pre-
set number and providing an output indicative of
said comparlson and

means, responsive to said comparison output for
generating an input signal for said producing means
at a frequency which has a wavelength A in said
fluid where mA/2 is equal to said distance when m
equals any integer.

6. The acoustical flowmeter according to claims 1 or
4, wherein said insuring means is responsive to Fourier
coefficients from said first and second receiving means,
and wherein said first and second receiving means each
comprises:

microphone means for converting said - acoustic
waves into electronic signals; and

means for computing the Fourier coefﬁments for said
electronic signals.

7. The acoustical flowmeter according to claim 3 or

4, wherein said signal generator comprises:

a voltage controlled oscillator, responsive to the out-
put of said insuring means, for generating a signal f;
and

a power amplifier, responsive to said signal f, for
powering said loudspeaker means.

8. The acoustical flowmeter according to one of

claims 3 or 4, wherein said measuring means comprises:

a first synchronous phase marker and amplitude de-
tector (SPMAD), responsive to the received
acoustic wave of said first receiving means and to
said electrical signal f, for providing phase and
amplitude outputs;

a second synchronous phase marker and amplitude
detector (SPMAD), responsive to the received

-acoustic wave of said second receiving means and
* to said electrical signal f, for providing phase and
amplitude outputs; and

means for determining the phase difference between
phase outputs of said first and second phase and
amplitude detectors.
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9. The acoustic flowmeter accordmg to -claim 1,
wherein said i msurmg means comprises:

means, responsive to said first and second receiving

means, for comparing the amplitudes of received
acoustic waves, said comparing means providing a
comparison output indicative of said comparison;
and

means, responsive to said comparison output, for

generating an input signal for said producing means
at a frequency which has a wavelength A in said
fluid where mA/2 is equal to said distance when n
equals any integer.

10. An acoustical flowmeter for measuring at least
one parameter of a moving fluid, said flowmeter com-
prising:

conduit means having a cutoff wavelength through

which the moving fluid flows;

signal generator means for generating electrical sig-

nals of frequencies f and 2f;

loudspeaker means, mounted on a side of said conduit

and responsive to said signal generator means, for
producing acoustic waves with a wavelength A
which is longer than said cutoff wavelength, said
waves further moving parallel with said moving
fluid, where A=c/f with c equal to the speed of
sound in said fluid;

first means, at least partially located along the line

from said loudspeaker means substantially parallel
.with said direction of movement of said moving
fluid, for receiving said acoustic waves and con-
verting said acoustic waves into electrical signals
having an amplitude and a phase;

second means spaced apart from said first means and

at least partially located substantially along the line
connecting said loudspeaker means and said first
means, for receiving said acoustic waves.and con-
verting said acoustic waves into an electric signal
having an amplitude and a phase;

means for insuring that mA/2 is equal to the spacing

between said first and second means, where m is
any integer;

means for measuring any difference in phase between

said electric signals generated by said first and
second receiving means; and

means, responsive to said phase measuring means, for

indicating said at least one parameter.

11. The acoustical flowmeter according to claim 10,
wherein said signal generator means comprises:

variable oscillator means for producing an electrical

signal with a frequency 2f;

frequency divider means, responsive to said oscillator

means, for providing an e]ectrlcal signal with a
frequency of f;

first means, responsive to sald signal of frequency f,
for shaping said signal into a sinewave of frequency

a second means, responsive to said signal of fre-

quency 2f, for shaping said signal into a sinewave
of frequency 2f;

means, responsive to said ﬁrst and second shaping

means, for adding together said sinewave signals of
frequencies f and 2f, and providing an output of
said added together signal; and

amplifier means for controllably amplifying said add-

ing means output and powering said loudspeaker.

12. The acoustical flowmeter according to claim 11,
wherein said amplifier means comprises:

means for generating an amplitude reference signal;
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means for summing the amplitude signals from said
first and second receiving means;

means for comparing the sum of amplitude signals
from said first and second means with the ampli-
tude reference signal, said comparing means pro-
viding a control output based upon said compari-
son; and

means, responsive to said control output of said com-
paring means, for variably amplifying said adding
means output and powering said loudspeaker.

13. The acoustical flowmeter according to claim 12,
wherein said first and second receiving means each
comprise:

a microphone mounted in the wall of said tube means;

a first synchronous phase marker and amplitude de-
tector (SPMAD), having a signal input connected
to said microphone and a reference signal input
connected to said electrical signal with a frequency
f, and amplitude and phase outputs;

a second synchronous phase marker and amplitude
detector (SPMAD) having a signal input con-
nected to said microphone and a reference signal
input connected to said electrical signal having a
frequency 2f, and amplitude and phase outputs.

14. The acoustical flowmeter according to claim 13,
wherein said insuring means comprises:

a first means, responsive to.the synchronous phase
marker and amplitude detectors of said receiving
means, having a reference signal of frequency f, for
dividing the amplitude output of said first receiving
means synchronous phase marker and amplitude
detector by the amplitude output of said second
receiving means synchronous phase marker and
amplitude detector, and providing the output ratio
A11/A12;

a second means, responsive to the synchronous phase
marker and amplitude detectors of said receiving
means, having a reference signal of frequency 2f
for dividing the amplitude output of said first re-
ceiving means synchronous phase marker and am-
plitude detector by the amplitude output of said
second receiving means synchronous phase marker
and amplitude detector, and providing the output
ratio Az1/Azz; and

means for comparing said ratio A11/A12 with said
ratio Az1/Az, for varying the frequency 2f of said
variable oscillator means and for maintaining said
ratios equal.

15. A method for measuring at least one parameter of

a moving fluid comprising the steps of:

producing substantially planar acoustic waves at a
distance having a wavelength A, said distance in a
direction parallel to the direction of movement of
said moving fluid;

receiving said acoustic waves at at least two points,
said first point located along a line from said source
substantially parallel with said direction of move-
ment of said moving fluid and said second point
located along a line connecting said source and said
first point;.

maintaining mA/2, equal to the spacing between said
first and second points, where m is any integer;

measuring the phase difference between acoustic
waves at said first and second points; and

responsive to said measuring step, indicating at least
said one parameter of said moving fluid.

16. An instrument for producing sound waves of a

specified wavelength in an arbitrary fluid in a conduit
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having a cutoff wavelength, said instrument compris-
ing:

means, responsive to an input signal, for producing

sound waves in said fluid of at least one wave-
length, said at least one wavelength being longer
than said cutoff wavelength of said conduit;

first means for receiving said sound waves;

second means for receiving said sound waves, said

second receiving means located a distance, in a
direction of sound propagation, from said first re-
ceiving means;

means, responsive to said first and second receiving

means, for producing said input signal of a fre-
quency such that said distance is an integral num-
ber of half wavelengths of said specified wave-
length, wherein said input signal producing means
includes means, responsive to said first and second
receiving means, for controlling the average ampli-
tude of sound waves from said sound wave produc-
ing means. N

17. An instrument for producing sound waves of a
specified wavelength in an arbitrary fluid in a conduit
having a cutoff wavelength, said instrument compris-
ing:

means, responsive to an input signal, for producing

sound waves in said fluid of at least one wave-
length, said at least one wavelength being longer
than said cutoff wavelength of said conduit;

first means for receiving said sound waves;

second means for receiving said sound waves, said

second receiving means located a distance, in a
direction of sound propagation, from said first re-
ceiving means;

means, responsive to said first and second receiving

means, for producing said input signal of a fre-
quency such that said distance is an integral num-
ber of half wavelengths of said specified wave-
length; wherein said input signal producing means
comprises:

means, responsive to said first and second receiving

means, for comparing the amplitudes of received
sound waves, said comparing means providing a
comparison output indicative of said comparison;
and

means, responsive to said comparison output, for

generating an input signal at a frequency which has
a wavelength A in said fluid where mA/2 is equal to
said distance when m equals any integer.

18. An instrument for producing sound waves of a
specified wavelength in an arbitrary fluid in a conduit
having a cutoff wavelength, said instrument compris-
ing:

means, responsive to an input signal, for producing

sound waves in said fluid of at least one wave-
length, said at least one wavelength being longer
than said cutoff wavelength of said conduit;
first means for receiving said sound waves;
second means for receiving said sound waves, said
second receiving means located a distance, in a
direction of sound propagation, from said first re-
ceiving means; ’

means, responsive to said first and second receiving
means, for producing said input signal of a fre-
quency such that said distance is an integral num-
ber of half wavelengths of said specified wave-
length, wherein said input signal producing means
comprises:
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means for providing an output indicative of the ratio
of amplitudes of signals received at said first and
second receiving means;

means, responsive to said ratio indicative output, for
comparing said ratio indicative output with a pre-
set number and providing an output indicative of
said comparison; and

means, responsive to said comparison -output, for

generating an input signal at a frequency which has
t a wavelength A in said fluid where mA/2 is equal to
said distance when m equals any integer.
19. An instrument for producing sound waves of a
specified wavelength in an arbitrary fluid in a conduit
having a cutoff wavelength, said instrument compris-
ing: '

. means, responsive to an input signal, for producing
sound waves in said fluid of at least one wave-
length, said at least one wavelength being longer
than said cutoff wavelength of said conduit;

first means for receiving said sound waves;

second means for receiving said sound waves, said
second receiving means located a distance, in a
direction of sound propagation, from said first re-
ceiving means;

means, responsive to said first and second receiving
means, for producing said input signal of a fre-
quency such that said distance is an integral num-
ber of half wavelengths of said specified wave-
length, wherein said sound wave producing means
provides sound waves of at least two frequencies,

one frequency equal to twice the other, and said

input signal producing means comprises:

means for providing a first output indicative of the
ratio of amplitudes of said one frequency recelved
at said first and second receiving means;
means for providing a second output indicative of the
ratio of amplitudes of said other frequency. re-
ceived at said first and second receiving means;

means for comparing said first and second outputs
and for providing an amplitude ratio comparison
output;

and

means, responsive to said amplitude ratio comparison
output, for generating an input signal at a fre-
quency which has a wavelength A in said fluid
where mA/2 is equal to said distance when m
equals any integer.

20. An instrument for producing sound waves of a
specified wavelength in an arbitrary fluid in a conduit
having a cutoff wavelength, said instrument compris-
ing:

means, responsive to an input signal, for producing

sound waves in said fluid of at least one wave-

5

—

0

20

25

30

35

45

55

60

65

24
length, said at least one wavelength being longer
than said cutoff wavelength of said conduit;

first means for receiving said sound waves;

second means for receiving said sound waves, said
second receiving means located a distance, in a
direction of sound propagation, from said first re-
ceiving means;

means, responsive to said first and second receiving
means, for producing said input signal of a fre-
quency such that said distance is an integral num-
ber of half wavelengths of said specified wave-
length, wherein said first and second receiving
means each comprises:

microphone means for converting said sound waves
into electronic signals;

a synchronous phase marker and amplitude detector
(SPMAD), responsive to said electronic signals
and a reference signal havmg phase and amplitude
outputs; and 7

wherein said input signal producing means is respon-
sive to the amplitude outputs of the synchronous
phase marker and amplitude detectors of each of
said first and second receiving means.

21. An instrument for producing sound waves of a ..
specified wavelength in an arbitrary fluid in a conduit"
having a’ cutoff wavelength, said instrument compris-
ing:

means, responsive to an input signal, for producing
sound waves in said fluid of at least one wave-
length, said at least one wavelength being longer
than said cutoff wavelength of said conduit;

first means for receiving said sound waves; ‘

second means for receiving said sound waves, said
second receiving means located- a distance, in a
direction of sound propagation, from said first re-
ceiving means;

means, responsive to said first and second receiving
means, for producing said input signal of a fre-
quency such that said distance is an integral num-
ber of half wavelengths of said specified wave-
length, wherein said first and second receiving
means each comprises: .

microphone means for converting said sound waves
into electronic signals;

means for computing the Fourier coefficients for said
electronic signals and, wherein said input signal
producing means is responsive to said Fourier coef-
ficients from said first and second receiving means.

22. The instrument of claim 20 or 21 wherein said first
and second receiving means comprise broadband mi-
crophones, each of said microphones mounted in said
conduit such that said instrument is nonmtruswe (back-

pressure is less than 500 Pascals).
* * *  *x %



